Diagnostic testing for hepatitis C virus (HCV) infection currently is based on the presence of anti-HCV antibodies or a positive HCV RNA polymerase chain reaction (PCR) test. Although HCV RNA PCR is a sensitive and specific technique, widespread application is limited. Moreover, HCV RNA PCR is subject to false-positive reactions through contamination and is inherently difficult to standardize and quantitate. To overcome limitations of HCV RNA PCR, we produced both cDNA and riboprobes from a 241 nucleotide sequence of the 5' untranslated region of the HCV genome for slot hybridization. Hybridization was absent using normal human serum, horse serum, or hepatic cellular RNA from noninfected liver. Hybridization occurred predominantly with positive-stranded HCV RNA and was abolished by pretreatment with RNase A. Slot hybridization was performed on serum samples from 60 patients with chronic HCV infection and a positive HCV RNA PCR and 20 patients with liver diseases unrelated to HCV who had a negative HCV RNA PCR. Slot hybridization with cDNA and riboprobes showed concordance with HCV RNA PCR of 95 and 983%, respectively. There were no false-positive reactions in controls. The sensitivity of riboprobe hybridization was comparable to that of one stage HCV RNA PCR using 5' untranslated region primers. Riboprobe hybridization with the HCV H strain standard was positive in the dilution corresponding to 10' chimpanzee infectious doses5o/ml. The density of the hybridization signals correlated significantly with the mass of an RNA standard extracted from the liver of a patient with HCV infection. The relative quantities of HCV RNA in the sera of selected patients varied and were not correlated with the duration of disease or the histopathological stage. The highest relative quantities were associated with concurrent immunosuppression. We conclude that slot hybridization is a sensitive, specific alternative to HCV RNA PCR that can be directly quantitated using appropriate HCV RNA standards. (J. Clin.
Introduction
Hepatitis C virus (HCV),' the principal agent of non-A, non-B (NANB) viral hepatitis (1-3), was recently identified by a recombinant complementary DNA (cDNA) approach (4) . Prospective studies of sentinel counties in the United States indicate that -150,000 new cases ofnon-A, non-B viral hepatitis/ HCV infection occur yearly, and that 2 50% become chronic (5) . Severe chronic sequelae include decompensated cirrhosis, which may necessitate liver transplantation, and hepatocellular carcinoma (1) (2) (3) 6) .
HCV is an RNA virus related to human flaviviruses and animal pestiviruses (7, 8) . The positive-stranded RNA genome of HCV consists of -10,000 nucleotides (nt) . This sequence contains a single open reading frame capable of encoding a 3,100 amino acid polyprotein precursor from which individual structural and nonstructural proteins are produced (9-1 1). Approximately 324-341 nt at the 5' end ofthe open reading frame are unassociated with protein synthesis and, thus, are referred to as the 5' untranslated region (5' UTR) (9) (10) (11) (12) . Comparison of reported HCV nt sequences demonstrates variations in the structural and nonstructural regions among different HCV strains ranging from 9 to 26%. In contrast, the nt sequences of the 5' UTR are > 97% homologous among different strains (8, 13, 14) .
Two major techniques are currently used to detect HCV infection. The first technique detects antibody produced in response to HCV infection (anti-HCV) (1, 2, 15) . This technique is associated with both false-positive and -negative reactions (15) (16) (17) . Furthermore, multiple weeks are required for development of anti-HCV after HCV infection (18) , which precludes the use of anti-HCV for the diagnosis of acute infection. The second technique detects HCV RNA through a reverse transcription and polymerase chain reaction (HCV RNA PCR) (19) (20) (21) . Although HCV RNA PCR is a sensitive technique, extensive application is limited by cost, labor intensity, risk of false-positive resultsthrough contamination (22, 23) , and disparate results among laboratories using different primers (21, 24 (25) (26) (27) (28) .
To overcome the limitations of current techniques for detection of HCV infection, it is desirable to develop a test which is sensitive, specific, quantitative, affordable, and suitable for testing large populations ofpatients or blood donors. Although direct hybridization fulfills these criteria, it has been assumed that the quantity of circulating HCV RNA is insufficient for this technique (8, 15) . In contrast, our results indicate that probes from the highly conserved 5' UTR (8, 13, 14) can be used for direct detection ofHCV RNA using slot hybridization.
Methods
HCV RNA PCR. The guanidinium isothiocyanate-acid-phenol technique (29) was used to extract RNA from 0.4-0.5-ml aliquots ofserum. HCV RNA PCR was performed as previously reported (12, 30) . Oligonucleotide primers (5'YACTCCACCATAGATCATCCC-3', 7-26 nt, sense; 5'-AACACTACTCGGCTAGCAGT-3', 229-248 nt, antisense) from the HCV 5' UTR were synthesized (12) for HCV RNA PCR. Specific PCR products of241 bp were identified by agarose electrophoresis, ethidium bromide staining, and Southern blot hybridization using 32P-labeled primers as probes ( 19, 28, 30) . Since results for one stage and two stage (nested) HCV RNA PCR were comparable using our 5' UTR primers (30), a one stage, 30 cycle HCV RNA PCR was used.
Construction ofHCVcDNA plasmid. To construct a plasmid vector containing 5' UTR HCV cDNA, the HCV RNA PCR product was purified and blunted using T4 DNA polymerase. The fragment was cloned into the Smal I site of the plasmid vector pGEM-3Z (Promega Corp., Madison, WI), using standard methods (31). Positive clones were screened by restriction digestion and hybridization after transformation. A positive clone, referred to as pGHCVIA ( Fig. 1) , contained a 241-nt HCV 5' UTR fiagment and was used to synthesize HCV probes for slot hybridization.
DNA sequencing. DNA sequencing was performed to determine the degree of homology of the cloned HCV sequences in pGHCVlA with reported HCV sequences. Plasmid DNA was extracted using a cesium chloride gradient method (31). A DNA sequencing kit was purchased from U. S. Biochemical Corp., Cleveland, OH, and SP6 and T7 primers were obtained from Promega Corp. Sequencing was performed according to the manufacturer's instructions.
Labeling of probes. After restriction digestion, the cloned HCV cDNA fragment in pGHCV I A was recovered from the agarose gel (31).
[32P]dCTP was incorporated into the HCV cDNA probe through either nick translation or random primer DNA labeling (31). 32P-labeled riboprobes were synthesized in vitro from the HCV 5' UTR cDNA template in pGHCV1A using an RNA polymerase reaction to incorporate [32P]UTP (31-33). The DNA template was then degraded through spectively. Labeled probes were further purified by Sephadex G50 column chromatography (31).
Hybridization assays. RNA, extracted from serum using the guanidinium isothiocyanate-acid-phenol technique (29) , was loaded onto Nytran membranes (Schleicher & Schuell Inc., Keene, NH). Blotted membranes were prehybridized for 3-4 h at 60-650C and then hybridized with either a 32P-labeled HCV cDNA probe or riboprobe at 60-65°C for 20-24 h (31). After washing, the membranes were exposed to x-ray film (Kodak, Rochester, NY) at -70°C for 24-48 h.
Extensive specificity controls for slot hybridization were performed. Normal human serum, horse serum, and a hepatic cellular RNA extract from a patient with alpha-l-antitrypsin deficiency were used as negative controls. To determine the RNA specificity ofthe slot reaction, RNA isolated from the serum of HCV-infected individuals was pretreated with RNase A (1 gg/gl) at 37°C for 30 min and then hybridized with either HCV cDNA probes or riboprobes, as described above. Since the positive-stranded HCV genome was expected to predominate in the serum of infected individuals, HCV riboprobes with sense and antisense orientation were compared. Northern blot assays (31) were performed to identify the molecular size of HCV RNA present in positive serum samples, using a 32P-labeled HCV riboprobe with antisense orientation. RNA extracted from the liver of a patient with HCV infection and an HCV H strain (34) serum standard (a kind gift of Dr. Harvey Alter, National Institutes of Health) were used to evaluate the sensitivity of slot hybridization.
Quantitative analysis. Hepatic cellular RNA from an HCV-infected patient was used as a standard to quantitate: (a) the sensitivity of HCV RNA PCR (one stage, 30 cycles) and riboprobe slot hybridization, and (b) the relative amount of HCV RNA in the sera of selected patients. Northern blots demonstrated that the hepatic cellular RNA contained HCV viral RNA. The riboprobe hybridization signals were measured with a computerized densitometer (Helena Laboratories, Beaumont, TX). The correlation between the density and the mass of hepatic cellular RNA was analyzed by linear regression to construct a standard curve. The relative quantity of HCV RNA in the sera of selected patients was calculated from the linear regression equation.
Patients. 60 patients with putative chronic HCV infection were included in this study. Diagnosis ofHCV infection was based on exclusion of other etiologies for chronic liver disease and a positive HCV RNA PCR. One patient had evidence ofconcurrent chronic HCV and hepatitis B virus infection. 20 patients with acute and chronic liver diseases of other etiologies were studied as negative controls. In each control patient, the HCV RNA PCR was negative. The diagnoses in the control group included: acute hepatitis A (n = 2), chronic hepatitis B (n = 6), chronic hepatitis B and D (n = 1), chronic autoimmune hepatitis type 1 (n = 2), primary biliary cirrhosis (n = 1), Wilson's disease (n = 1), secondary biliary cirrhosis (n = 1), alcoholic hepatitis and/or cirrhosis (n = 4), cryptogenic cirrhosis (n = 1), and steatonecrosis secondary to obesity and hyperlipoproteinemia (n = 1). All serum samples were stored at -70°C before use.
Results
Specificity ofcDNA and riboprobes. DNA sequencing showed that the 241-bp cDNA sequence in pGHCVlA was 100% homologous with the sequence of HC-Jl (12) , and differed by 4 bp from the sequence of HCV-l (10). Thus, the cDNA and riboprobes used for slot hybridization were specific for HCV.
Results of control studies also indicated that the probes were highly specific for HCV RNA. RNA extracted from normal human serum, horse serum, and the liver ofa patient with alpha-l-antitrypsin deficiency did not produce hybridization signals with either HCV cDNA or riboprobes (data not shown). As shown in Fig. 2 cally hybridized with RNA. Since the major circulating form of HCV should contain positive-stranded viral RNA, hybridization with an HCV antisense riboprobe would be expected to predominate. Hybridization of three consecutive HCV-infected serum samples, using both sense and antisense riboprobes, showed hybridization signals exclusively with the antisense HCV riboprobe (Fig. 2 B) . Subsequent analysis of additional sera showed occasional concurrent hybridization with the sense riboprobe, indicating the presence of circulating HCV replicative intermediates. In each instance, the hybridization signal was less intense for the sense riboprobe than the antisense riboprobe (Hu, K.-Q., et al., unpublished observation).
To assess the molecular size of HCV RNA detected by our HCV probes, Northern blots were performed using RNA extracted from the serum of a normal control and a patient with chronic HCV infection. Hybridization with the HCV antisense riboprobe produced a signal exclusively with the patient's RNA (Fig. 3) ; the signal of 10 kb is consistent with the size of the HCV genome (9-1 1). Specificity, sensitivity, and relative quantitation of HCV RNA slot hybridization. Both the HCV RNA PCR and riboprobe slot hybridization detected comparable amounts of HCV RNA in the extract of hepatic cellular RNA from a patient with HCV infection (Fig.  4) . In a standard curve constructed to quantitate HCV RNA in patients' sera, the correlation between the density ofthe hybridization signals and the mass of hepatic RNA was statistically significant (r = 0.98, P < 0.003). The relative quantities of HCV RNA in the sera of patients (Table II) varied. However, all values were within the range of the standard curve. The relative quantities of HCV RNA did not correlate with the known duration of disease or the histopathological lesion (Table II). However, the highest relative quantities were observed in patients with concurrent immunosuppression. Using the HCV H strain (34) as another relative standard, the riboprobe slot assay repeatedly detected HCV RNA at a dilution corresponding to 10-6 chimpanzee infectious doses5o (CIDO)/ml.
Again the density of the hybridization signals paralleled the titer of the H strain dilution.
Discussion
Currently, commercial anti-HCV and investigational HCV RNA PCR are used for diagnostic HCV testing. The diagnostic utility of first generation anti-HCV tests has been limited by both false-positive and -negative results (15) (16) (17) . In addition, the time required for development of detectable anti-HCV after infection makes these tests unsuitable for the diagnosis of acute HCV infection (18) . Second generation anti-HCV tests, which detect antibodies reactive with several antigenic HCV proteins, increase both sensitivity and specificity (17) . Although the time required for the development of HCV-specific antibodies after acute infection is reduced, these tests remain unsatisfactory for the diagnosis of acute infection. HCV RNA PCR, performed in individual research laboratories, has rapidly become the diagnostic standard for HCV infection (19) (20) (21) (24) (25) (26) (27) (28) (29) . Most investigators prefer primers from the 5' UTR since HCV nt analyses have indicated that the 5' UTR has a very high homology (2 97%) among different HCV strains (8, 13, 14) . In addition, HCV RNA PCR using 5' UTR primers is more sensitive than HCV RNA PCR using primers from either the NS3 or NS4 regions (24, 30) . Available data indicate that HCV RNA PCR can detect circulating HCV RNA before the onset of aminotransferase elevations in acute HCV infection (18) and can be used to assess the viral response to recombinant interferon therapy (35) . Despite these advantages, PCR testing for HCV RNA also has multiple limitations including cost, labor intensity, liability for false-positive results (22, 23), disparate results with different primers (21, 24, 30) , and problematic quantitation and standardization (25) (26) (27) (28) .
The results of the present study demonstrate that slot hybridization with riboprobes from the 5' UTR of the HCV genome is a sensitive, specific, and quantitative technique for the detection ofcirculating HCV RNA. In addition, this technique obviates the problem of contamination that can yield falsepositive results in HCV RNA PCR. Contrary to the assumption that the quantity of circulating HCV is insufficient for direct hybridization (8, 15) , HCV RNA was readily detected using either cDNA or riboprobes shown to be specific for a 241-nt sequence of the 5' UTR. These results suggest that the quantity of circulating HCV RNA may be underestimated by titers based on infectious dose units (8, 15 In addition to a high concordance with the HCV RNA PCR, several lines ofevidence indicated that the slot hybridization assay was highly specific for HCV. The absence of hybridization with normal human serum, horse serum, and hepatic cellular RNA from a patient with alpha-l -antitrypsin deficiency excluded nonspecific binding of the probes. Hybridization was specific for RNA, as shown by abolishment with RNase A pretreatment. Hybridization was uniformly observed with the antisense riboprobe, reacting with circulating positivestranded HCV RNA. Occasionally, concurrent hybridization was observed with the sense riboprobe, indicating the presence of circulating replicative intermediates (Hu, K.-Q., et al., unpublished observation). These results are consistent with a recent report of circulating replicative intermediates detected by HCV RNA PCR (36) . Finally, Northern blot analysis of an HCV-infected serum with the antisense riboprobe showed a hybridization signal of the same size as the HCV genome (=-1Okb).
Since the quantity of infectious HCV in the circulation appears to be very low during HCV infection (8, 15) , the sensitivity of any technique to detect the HCV genome is critically important. Our data clearly indicate that the sensitivity of HCV RNA slot hybridization using a riboprobe is comparable to that ofa one stage HCV RNA PCR using primers from the 5' UTR. Riboprobe hybridization with RNA isolated from the HCV H strain standard showed reactivity with a dilution corresponding to 10-6 CID50/ml. Recent reports of HCV RNA PCR using the same H strain standard have shown variable sensitivity, detecting dilutions ranging from 10-' to I0-`CID50/ml (21, 24) . Thus, the sensitivity of riboprobe hybridization falls within the range reported for HCV RNA PCR (21, 24) . Based on evidence that the average infectivity titer of infectious human plasma is 10-2 to IO-' CID50/ml (37) , riboprobe hybridization would be expected to identify infectious carriers. Regardless ofthe precise sensitivity, the high concordance of the riboprobe hybridization and HCV RNA PCR indicates an appropriate sensitivity for clinical application.
The ability to quantitate HCV in blood or tissues would greatly facilitate understanding of the natural history of HCV infection and the effect of current or future antiviral therapies. Recently, individual groups have reported progress in quantitative HCV RNA PCR (25) (26) (27) (28) , but it remains to be determined ifquantitative HCV RNA PCR can be adapted for widespread use among investigators using different PCR protocols and primers. In contrast, slot hybridization is suitable for direct quantitation of HCV RNA by densitometry. Using hepatic RNA from an HCV-infected liver as a standard, the density of the riboprobe hybridizing signals and the dilution of the hepatic standard were significantly correlated. Similar results were obtained with the H strain HCV standard. The relative quantities of HCV RNA calculated from the hepatic RNA standard varied among selected patients. The quantity was not correlated with the duration of disease or the histopathological stage in this cohort. The highest quantities were associated with concurrent immunosuppression. This observation suggests that immunosuppression may augment HCV replication either by a direct effect on the virus or by diminishing the host immune response against the virus. Overall, the data indicate that quantitation in mass units or genomic units should be possible when sufficient amounts of specific HCV RNA standards become available.
